Background Reported early complication rates in reverse total shoulder arthroplasty have widely varied from 0% to 75% in part due to a lack of standard inclusion criteria. In addition, it is unclear whether revision arthroplasty is associated with a higher rate of complications than primary arthroplasty. Questions/purpose We therefore (1) determined the types and rates of early complications in reverse total shoulder arthroplasty using defined criteria, (2) characterized an early complication-based learning curve for reverse total shoulder arthroplasty, and (3) determined whether revision arthroplasties result in a higher incidence of complications. Patients and Methods From October 2004 to May 2008, an initial series of 200 reverse total shoulder arthroplasties was performed in 191 patients by a single surgeon. Forty of the 200 arthroplasties were revision arthroplasties. Of these, 192 shoulders were available for minimum 6-month followup (mean, 19.4 months; range, 6-49.2 months). We determined local and systemic complications and distinguished major from minor complications. Results Nineteen shoulders involved local complications (9.9%), including seven major and 12 minor complications. Nine involved perioperative systemic complications (4.7%), including eight major complications and one minor complication. The local complication rate was higher in the first 40 shoulders (23.1%) versus the last 160 shoulders (6.5%). Seven of 40 (17.5%) revision arthroplasties involved local complications, including two major and five minor complications compared to 12 of 152 (7.9%) primary arthroplasties, including five major and seven minor complications. Nerve palsies occurred less frequently in primary arthroplasties (0.6%) compared to revisions (9.8%). Conclusions The early complication-based learning curve for reverse total shoulder arthroplasty is approximately 40 cases. There was a trend toward more complications in revision versus primary reverse total shoulder arthroplasty and more neuropathies in revisions. Level of Evidence Level IV, therapeutic study. See the guidelines online for a complete description of level of evidence.
Introduction
Before the introduction of reverse total shoulder arthroplasty (RTSA), surgical treatment of the painful, arthritic, rotator cuff-deficient shoulder was unpredictable. RTSA reduces shoulder pain and improves function by restoring active forward elevation. By medializing the shoulder's center of rotation, recruitment of deltoid muscle fibers is increased, and the mechanical advantage of the shoulder-humerus complex improves, which allows the deltoid to compensate for the dysfunctional rotator cuff [1, 2, 6, 8, 9, [14] [15] [16] [17] .
Multiple studies reporting function and radiographic outcomes of RTSA have reported highly variable complication rates ranging from 0% to 75% [1, 2, 6, 8, 11, [15] [16] [17] [18] . This large range suggests a lack of reproducibility of RTSA with various surgeons, centers, techniques, or devices, a lack of standardized criteria for complications, or both. The uncertainty in the complication risk may make some surgeons wary of performing this procedure. When deciding to perform RTSA, it is important to consider the underlying cause of the complication rate's variability and the degree of severity of the high-rate complications. Of all the studies reporting complication rates of RTSA, only one has described a complication-based learning curve (10 procedures), and it only included 20 shoulders with 3-month minimum followup and no specified criteria for what events were considered complications [18] . Therefore, it is still not clear whether the RTSA learning curve has been accurately described. There has also been conflicting evidence as to whether revision arthroplasties are at higher risk for complication than primary arthroplasties. Werner et al. [17] found no difference in the overall complication rate between primary and revision arthroplasties in a series of 58 shoulders. However, Wall et al. [16] found a higher complication rate with revision RTSA versus primary RTSA in a series of 191 shoulders. Again, neither of these studies specified their criteria for what events were considered complications.
The purposes of our study were (1) to describe the types and frequency of complications in RTSA based on defined criteria, (2) to characterize an early complication-based learning curve for RTSA that reveals the types and severity of complications most affected by surgeon experience, and (3) to determine whether the rates of complications are higher in revision RTSA than in primary RTSA.
Patients and Methods
Since 2004, all patients undergoing RTSA by the senior author (JMW) have been offered participation in a prospective RTSA outcomes registry. Any patient medically capable of tolerating RTSA was offered this procedure after failed nonoperative treatment for a painful rotator cuff-deficient shoulder (anatomically and/or functionally deficient) or failed previous shoulder arthroplasty with rotator cuff deficiency and/or glenoid deficiency that was unreconstructible with an anatomic cemented polyethylene glenoid component. Patients were not offered RTSA unless they had functional and/or anatomic rotator cuff impairment in addition to any diagnosis amenable to arthroplasty treatment (Table 1) . From October 2004 to May 2008, 209 RTSAs were performed in 200 patients. Nine patients (one shoulder each) refused to consent for participation. Of the remaining 191 patients (200 shoulders), seven (eight shoulders) had less than 6 months' followup, leaving 184 patients (192 shoulders) for this study. Of the eight shoulders with less than 6 months' followup, seven belonged to patients who stopped returning our followup calls after 0.4, 0.6, 0.8, 1.7, 3.4, 5.0, and 5.9 months postoperatively. One belonged to a patient who died from a myocardial infarction on Postoperative Day 2. Of the 192 shoulders, 152 were primary RTSA and 40 were revision. The average age at time of the operation was 71 years (range, 48-92 years). The mean age of patients undergoing primary arthroplasty was 71.5 years, which was similar (p = 0.067) to the mean age of 68.5 years in patients undergoing revision arthroplasty. The mean age of the first 40 patients was 72.3 years, which was similar (p = 0.51) to the mean age of 70.5 years in the remaining patients. (See the rationale subsequently for comparing the first 40 shoulders to the remainder.) There was a comparable (p = 0.51) percentage of revision arthroplasties in the first 40 shoulders (25%) compared to the remaining 160 shoulders (18.8%). The minimum followup was 6 months (mean, 19.4 months; range, 6-49.2 months). No patients were recalled specifically for this study; all data were obtained from medical records and radiographs. This study was approved by our institution's Human Investigation Committee.
The senior author performed all procedures. An attending anesthesiologist administered an interscalene regional block preoperatively, and supplementary intravenous sedation or general anesthesia was used intraoperatively as needed. A deltopectoral approach was performed in all cases with a superior-to-inferior tenotomy of the subscapularis tendon 1.5 cm medial to the bicipital groove, when present. In 150 of the shoulders, the superior third of the pectoralis major tendon was released to aid exposure. When present (132 of 192 shoulders), the long head of the biceps tendon was tagged with a traction suture and released and the intra-articular segment excised. The humeral head was osteotomized in 0°to 10°of retroversion. The glenohumeral capsule was released around the entire glenoid, and, when necessary, the inferior scapular neck origin of the long head of the triceps was released to aid glenoid exposure in tight shoulders. All patients received a Grammont-style RTSA prosthesis (Delta III 1 , DePuy Orthopaedics, Inc, Warsaw, IN; Reverse Aequalis 1 , Tornier, Inc, Grenoble, France; Trabecular Metal TM Reverse Shoulder, Zimmer, Inc, Warsaw, IN) ( Table 2 ). The senior author initially chose to use the DePuy prosthesis. Between Shoulders 16 and 25, he gradually transitioned to using the Tornier prosthesis because he preferred the variable angle screws in the Tornier baseplate. From Shoulder 73 to 160, he gradually transitioned to using the Zimmer prosthesis more often to decrease his use of cemented stems ( Table 2 ). During closure, the subscapularis tendon (when present) was repaired to the tendon stump with Number 2 nonabsorbable sutures. One hundred thirty shoulders had normal, repairable subscapularis tendons; 15 shoulders had torn, repairable subscapularis tendons; and 47 shoulders had irreparable subscapularis tendon tears. Soft tissue tenodesis of the long head of the biceps tendon (when present) was performed by incorporating it into the pectoralis major tendon repair. Of the shoulders who had tenodeses, there were 113 with a normal tendon and 19 with a degenerated or partially torn tendon. The remaining 60 patients had absent or ruptured long head of the biceps tendons. Deep and superficial suction drains were used in all cases and maintained for a minimum of 48 hours.
Postoperatively, patients remained in a shoulder immobilizer at 15°abduction for 4 weeks. Physical therapy for hand, wrist, and elbow ROM exercises was started on the first postoperative day, and progressive shoulder ROM was started after 2 weeks. Patients were asked to return for clinical and radiographic followup at 2 weeks, 3 months, 6 months, 12 months, and yearly thereafter. All adverse events were reported to our institution's Human Investigation Committee, and the authors considered these events for inclusion as complications based on the criteria described subsequently.
To improve the objectivity and reproducibility of our results and to best characterize the learning curve with useful types of complications, we defined criteria for events included as complications and types (Table 3 ). Complications were initially divided into two main groups: local complications and perioperative systemic complications. Local complications included all intraoperative and postoperative problems involving the operative extremity. Perioperative systemic complications included all other health-related adverse events initiated within 2 weeks of the operation. Next, we classified complications as either major or minor. Based on the work of Chin et al. [3] , we defined local complications as major if the final result was compromised or reoperation was required. Minor complications included those that did not compromise outcome and little or no treatment was required. Reoperation was defined as any return to the operating room for the operative shoulder regardless of whether an open procedure took place. Systemic complications were classified as major and minor based on standard criteria for perioperative medical complications [4] . Patients earlier in the series had longer followup than those later in the series; therefore, to eliminate followup as a confounding factor, we only included complications occurring during the first 6 months postoperatively.
We defined the learning curve as the point in the series where there was the lowest risk of local complication in subsequent shoulders compared to earlier shoulders (based on odds ratio). To determine the relevant number of procedures and avoid choosing an arbitrary number (eg, the first 100 versus the second 100), we graphed the distribution of local and perioperative systemic complications over the course of the first 200 procedures ( Fig. 1 ). We did not perform further analysis of the perioperative systemic complications because there was no discernible pattern. Since the graph showed a tighter clustering of local complications before 40 procedures, we chose to use the first 40 shoulders (39 with minimum 6-month followup) versus the last 160 (153 with minimum 6-month followup) for our initial local complication analysis. Analyses of the local complication learning curve were also performed using cutoff points of the first 140 shoulders in increments of 10 to better characterize the learning curve throughout the series and further validate our chosen point of 40 procedures. These analyses were not continued past 140 shoulders for three reasons: (1) after this point, the analysis becomes less meaningful because of too few shoulders in the later group;
(2) by this point in the series, a trend was already evident; and (3) prior studies examining learning curves suggest the learning curve would likely be reached long before 140 procedures [10, 13, 18] . Complication rates and types in primary arthroplasties were compared to those in revision arthroplasties. All the analyses listed were repeated using the major and minor complication subgroups.
Fisher's exact test was used to compare complication rates between groups. The chi square test was used to analyze prosthesis distribution over earlier and later groups and prosthesis as a risk factor for complication. Odds ratios were also calculated along with 95% confidence intervals (CIs). For age comparisons, data distributions in each group were analyzed for normality. These data were determined to have a nonnormal distribution, and so the Mann-Whitney rank sum test was used. Statistical analysis was performed using SigmaPlot 1 11 (Systat Software Inc, San Jose, CA).
Results
The most common types of complications were transient neuropathy (five), intraoperative fracture (four), and postoperative dislocation (three) (Fig. 2) , with less common types including an incompletely seated glenosphere (one) (Fig. 3) , intraoperatively broken screw head (one) and drill bit (one) (Fig. 4) , chronic subluxation (two), acromion fatigue fracture (one), and painful cerclage wires (one) ( Table 4 ). Nineteen shoulders involved local complications (9.9%), including seven major and 12 minor complications ( Table 5 ). Nine involved perioperative systemic complications (4.7%), including eight major complications and one minor complication. There were no complications related to Transfusion for blood loss anemia (considered a normal variation) scapular notching, which occurred in 49 shoulders (25.5%) by 6 months postoperatively. No shoulders required revision of the humeral or glenosphere components. There was a higher (p = 0.005) overall local complication rate in the first 40 shoulders than in the last 160 (Table 5 ). This result was most influenced by minor complications, which were greater (p = 0.017) in the earlier group than in the later group, while major complications were only slightly more common (p = 0.150) in the earlier group than in the later group (Table 5) . Repeating this analysis at other cutoff points (every 10 procedures) revealed higher overall local complication rates in earlier shoulders than in later shoulders from Procedures 30 through 60 with the greatest difference at 40 procedures (Fig. 5) . Subanalysis of the minor complications also revealed higher complication rates from Procedures 20 to 40 and 60 with the greatest difference at 30 procedures (Fig. 5 ). Subanalysis of the major complications showed no differences in earlier versus later complication rates (Fig. 5 ). The overall perioperative systemic complications demonstrated no learning curve, with a rate of 4.7% including one minor and eight major complications evenly distributed throughout the series (Fig. 1) .
The local complication rate was similar (p = 0.08) in patients undergoing primary RTSA and those having revision RTSA ( Table 6 ). The incidence of postoperative neuropathies was higher (p = 0.007) in revision RTSA compared to primary RTSA. 
Discussion
Reported early complication rates in RTSA have widely varied likely due to a number of factors, one of which is a lack of standard inclusion criteria. For counseling patients and perhaps selecting patients, it is important to know the complication rates. In addition, it is unclear whether revision arthroplasty is associated with a higher rate of complications than primary arthroplasty. We therefore (1) described the types and rates of early complications in RTSA, (2) characterized a learning curve for our RTSA series to establish where the greatest reductions in complication rates occurred, and (3) determined whether revision RTSA results in more complications or certain types of complications than primary RTSA.
When interpreting our findings, readers should be aware of certain limitations. First, we would have ideally included a uniform population with no revision arthroplasties and only one prosthesis manufacturer. However, determining the learning curve required that we use a consecutive series of patients by a single surgeon. Therefore, we did not exclude revision arthroplasties or certain prosthesis brands Fig. 4 An AP radiograph shows a drill bit left in situ after breaking during drilling for the inferior baseplate screw. A new pathway was drilled for the screw. because these cases provided the surgeon with experience that affected the learning curve. The similar proportion of revision arthroplasties earlier in the series compared to later likely minimized the effects of these cases. A standardized technique of exposure and prosthesis placement and similar biomechanics of the prostheses likely minimized limitation of having different models. The prostheses used in this study were all similar to the original Grammont-style design introduced more than 20 years ago: a neck-shaft angle more horizontal than anatomic, a large glenosphere with a short neck, and a medialized center of rotation. Our analysis also showed prosthesis type was not an independent risk factor for complication. Second, it may be difficult to accurately extrapolate our results to surgeons with varying levels of experience. Previous studies show increases in complication rates and length of hospital stay for shoulder arthroplasties performed by surgeons with less experience and in hospitals with lower volumes [9, 12] . All our procedures were performed by a fellowship-trained shoulder surgeon in a high-volume shoulder arthroplasty practice ([ 225 procedures per year) who had considerable experience with anatomic total shoulder arthroplasty before performing RTSA. Therefore, higher complication rates may be seen in surgeons lacking sufficient experience with shoulder arthroplasty techniques, particularly glenoid exposure. This limitation does not invalidate our conclusions because surgeons with a similar shoulder practice can expect similar results, and surgeons with less shoulder arthroplasty experience can adjust their expectations based on their comfort level. Third, the 6-month minimum followup is also a limitation of the study. We believe this followup was acceptable since the scope of this study was to look at early complications of RTSA, rather than longterm complications. Only four of the 19 local complications occurred after 2 weeks postoperatively, suggesting most early complications happen much earlier than 6 months postoperatively; therefore, a longer minimum followup would likely not change our results much. Our overall local complication rate in this series was 9.9%, which is lower than the rates reported for most RTSA outcomes studies ( Table 7) . None of the studies we found subdivided their complications with major and minor criteria. There are multiple factors likely contributing to the variability in reported complication rates, including preoperative diagnoses, lengths of followup, surgical techniques, and the variable sizes of study populations [5, 16] . Possibly the most important factor is the lack of standardized criteria for what events constitute This graph shows odds ratios (with 95% CIs) of complication rates in earlier shoulders to later shoulders in the series for cutoff points at every 10 shoulders. Significant values with 95% CIs are included. The complication rates were different only from Points 30 to 60, and the odds ratio peaked at 40 procedures for overall complications and 30 procedures for minor complications. CIs = confidence intervals. complications. For example, Werner et al. [17] included 12 hematomas described as having no effect on final outcomes in their total of 33 shoulders with complications. Wierks et al. [18] reported a 75% complication rate including stitch abscesses and the need for redrilling the center glenoid hole. Such a low threshold for events to be counted as complications artificially increases complication rates, compared to other series that likely observed such events but did not include them as complications.
Using our well-defined inclusion criteria for complications, we found a 9.9% local complication rate with 3.6% major and 6.3% minor. Perhaps using similar criteria would have produced comparable complications rates at 6 months' followup in the cited series. To our knowledge, this is the largest study focusing on early complications and the learning curve of RTSA. Wierks et al. [18] presented a series of 20 RTSAs with minimum 3-month followup and found an intraoperative complication-based learning curve of 10 shoulders. Using a cutoff point of 10 shoulders for their data analysis was based on ''most procedures.'' To further substantiate our 40 procedures for the learning curve analysis, we reviewed other large-volume studies of learning curves, including a series of 100 initial computer navigation-assisted hip resurfacing arthroplasties with a learning curve of 60 procedures [13] and a series of 100 minimally invasive TKAs with a learning curve of 50 procedures [10] .
Reported complication rates in revision RTSA have ranged from 30% to 50%, and these rates are inconsistently higher than those in primary RTSA [7, 16, 17] . The most common complication specifically associated with revision RTSA is often dislocation [7] . In our series, the complication rate in revision RTSA was 17.5%, with a 2.5% dislocation rate and a 2.5 (95% CI, 0.9-6.8) times higher risk for complication than that in primary RTSA. It is unclear why our complication rate with revisions was lower than others' reported rates although severity of preoperative pathology might be a major contributor.
In summary, our overall complication rate was similar to those previously reported in large RTSA outcomes studies.
The major differences in our study were the detailed criteria of what events were deemed complications and the large population with a high followup rate, which allowed us to characterize a learning curve for RTSA. The learning curve was most substantial at 40 cases and was most influenced by minor complications. Complication risk in revision RTSA can be highly variable depending on the severity of preoperative pathology. 
